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1. SUMMARY

The purpose of the Advanced Figure Sensor project was to investigate key
elements in an optical figure sensor suitable for eventual use in a spaceborne
active optiecs telescope. The specific objectives were to develop: 1) a solid
state optical frequency shifter, 2) a technique for measuring a parabolic
primary mirror, and 3) a concept for measuring the alignment of the secondafy
mirror. The basic figure sensor employs an interference phase measuring in-
terferometer combined with electronic circuits for making measurements in real

time,
Two approaches were investigated for the frequency shifter:

(1) Doppler frequency shift by mechanical translation of a refer-

ence reflector

(2) BRotating 1/4 A plate in circularly polarized light, where
rotating birefringence effect is produced by a rotating

shear stress wave in an electro-acoustical-optical device,

The Doppler approach was selected because of its simplicity and ease of manu-
facture. The breadboard unit consisted of a reference mirror mounted in a
piezoelectric cylinder, A triangular waveform electronic drive generates a
cyclic displacement of 4 A per excursion at a rate that produces an optical
frequency shift of + 500 Hz.

Three approaches were investigated for the aspheric measurement technique:

(1) An aspheric reference reflector that generates wavefront dis-
tortions identical to the optical path difference between

the parabola and a reference sphere.

(2) A null corrector that generates spherical aberrations that
are exactly complimentary to the spherical aberrations of a

parabola when viewed from its paraxial center of curvature.

(3) Analysis of the moir€ pattern resulting from the super-
position of a real and a calculated fringe pattern result-
ing from the optical path difference between the parabola

and a spherical reference reflector.




The moiré pattern approach was selected because it offered greater flexibility,
and fewer optical elements that might introduce figure errors, and the calcu-
lated fringe pattern is relatively simple to manufacture. A reference pattern
was designed and made to measure an 8-inch f/1 parabola. Tests showed that the
technique can be used with the phase measuring interferometer with no added
complexity. Tests with a good f/1, 8-inch parabola showed that the technique
is practical, but more calculations must be performed to make a perfect refer-

ence pattern.

An optical arrangement was investigated for measuring the secondary align-
ment with the primary mirror figure semsor. Calculations indicate that tilt
alignment can be measured with the required accuracy. Axial alignment must be

monitored at the instrument focal plane.

A recommended optical arrangement and block diagram has been developed for
a working model figure semsor that uses the Doppler frequency shifter and moiré

pattern analysis,



2. INTRODUCTION
2.1 Objectives

The concept of Active Optics for large astronomical telescopes consists
of measuring the optical figure of the primary mirror; computing any errors;
and Automatically realigning the mirror to its original design figure, either
by positioning pileces of a segmented mirror or by flexing a relatively thin
mirror (Refs, 1,2). (See Figure 1.) A variety of optical test devices have
been evaluated for the figure sensing; however, interferometric measurements
are the only ones that produce quantitative data with the required accuracy

and short response time required for an automatic control system.

In the active optics application, one beam of a Twyman-Green interferom-
eter is reflected from a plane reference reflector; the second beam is con-
verted by a lens to a diverging spherical wavefront. (See Figure 2.) The
figure sensor 1s located so that the diverging wavefront is concentric about
the center of curvature of the mirror under test, If the mirror has a spheri-
cal surface and is aligned so that its center of curvature is located at the
center of divergence of the wavefront, the light will be reflected back exactly
upon its incident path. It will then pass back through the lens and again
become a plane wavefront. Thus, for a perfect spherical mirror, interference
takes place at the beamsplitter between two coplanar wavefronts. When there
are surface irregularities on the mirror under test, or when it is misaligned,
the return wavefront will not be coplanar with the reference wavefront at the
point of interference. For tilt misalignment, the interference wavefronts
will be approximately plane but not parallel, producing a fringe pattern con-
sisting of straight lines, For axial misalignment, interference will take
place between a plane wavefront and a slightly spherical wavefront. This pro-
duces a circular fringe pattern, Small localized figure errors produce local-

ized phase shifts in the fringe pattern.

In a practical telescope, the primary mirror will not have a spherical
figure, but will probably be close to a parabola. Therefore, techniques are

required to adapt the figure sensor to aspheric mirror measurements.
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The figure of the primary mirror in a spaceborne telescope must be main-
tained with an accuracy that will provide diffraction-limited performance.
This means that the figure sensor must be able to detect not just interference
fringes but errors that result in only small fractions of a fringe. The con-
cept of electronic optical phase measurement was developed to provide this
accuracy. This concept has been described in detail by a number of previous

publications (Refs 3,4,5,6) and will be described only briefly here.

The electronic phase measuring interferometer is a two-beam interferome-
ter in which optical wavefront phase is converted to an electronic carrier
phase and is then electronically analyzed, This makes it possible to sense
figure errors in real time, Figure 3 is a schematic of a simplified version
of the phase measuring interferometer with coherent illumination and with
plane reflecting surfaces in each interference beam. If both reflectors are
perfectly plane and parallel to the wavefront, interference will occur between
two plane parallel wavefronts producing a light pattern with uniform intensity
over its entirety. If the reference reflector is translated at comstant veloc-
ity along the optical axis normal to the wavefront, then the light pattern
intensity will vary through maximum and minimum levels in a sinusoidal fashion
with identical phase over the entire pattern. Two detectors are placed in the
output plane: one at a position arbitrarily selected as a reference, and one
at a spot corresponding to a spot of unknown figure on the test-surface. These
convert the cycling light pattern into two cycling electronic voltages or car-
riers., If a small portion of the test surface is high in relation to the rest
of the surface, there will be a relative phase shift of the electronic signal

generated from the corresponding point in the light pattern.

In a practical implementation of this concept, linear translation of the
reference reflector is regarded as causing a continuously increasing phase
shift in the reference beam. Continuous increase in phase of a carrier is the

same as a fixed change in frequency. Thus, an optical frequency shifter is

required for the electronic phase measuring interferometer,
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Therefore, the primary objectives of this prdject were to:

(1) Design, fabricate, test, and evaluate two different solid-
state frequency shifters for use in a phase measuring

interferometer.

(2) Design, fabricate, test, and evaluate the necessary optics
to render the Twyman-Green interferometer capable of meas-

uring an 8-inch-diameter, f/1 parabola.
A secondary objective was to:

(3) Study the problem of primary-to-secondary alignment in a
space telescope with regard to the possibility of using
the primary-mirror figure sensor to measure secondary

alignment also.
2.2 Conclusions
A summary of the work completed is presented in Figures 4 through 10.

A Doppler frequency shifter was selected because it is simple and was
shown to work successfully. Figure 4 shows the mechanical assembly, consist-
ing of a reference reflector mounted in a plezoelectric cylinder. When volt-
age 1is applied between the inner and outer walls, a piezoelectric -effect causes
the cylinder length to change, in turn causing the reflector to translate in an
axial direction. Figure 5 shows how this device is used in a Twyman-Green inter-
ferometer. A cyclic linear drive voltage is applied to the cylinder. This
produces a sine wave variation of the interference light pattern, which in
turn produces two sine wave carrier signals. The discontinuities in the out-
put waveforms shown in Figure 5 occur when the drive voltage reverses direction.
The frequency of the output carrier is equal to the frequency shift of the

optical beam in the reference arm.

The problem involved in the measurement of an aspheric reflector, i.e,,
an aspheric surface is not equidistant from its nominal center of curvature,
is shown in Figure 6., This figure shows the difference between a parabola and
a circle of the same paraxial radius when viewed from their nominal centers of
curvature, The "A path difference” of up to 100 wavelengths must be accommo-

dated in the figure sensor. The selected solution uses a moiré analysis in
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which the fringe pattern generated by the actual "A path difference" is corre-
lated with a reference pattern which is computed on the basis of a perfect
optical element under test. Figure 7 shows how the correlation product is

obtained. For simplicity, plane reflectors were used in preparing this figure.

Figure 8 shows a calculated and measured fringe pattern for an 8-inch f/1
parabola. Figure 8(c) shows a moiré pattern obtained by correlating (a) and
(b). The residual fringe pattern is due to the fact that geometric distortion
in a field lens was neglected in the computation. It was shown by laboratory
demonstration that a moir€ pattern can be used with the electronic phase meas-
uring technique., Thus, a complicated aspheric reflecting surface can be meas-

ured by a real-time figure sensor.

Figure 9 shows the optical portions of the breadboard figure sensor set
up to test the 8-inch parabola. Figure 10 shows the recommended optical ar-

rangement for a "working model' of this type of figure sensor,

12
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Figure 8. Fringe Patterns

(a)

(b)

()

(d)

Reference Fringe pattern
made from the calculated

difference between a sphere

and a parabola.

Actual Fringe pattern
measured from the differ-
ence between an f/1
parabola and a reference
spherical mirror.

Moiré pattern obtained
from multiplication of
actual pattern and
calculated pattern.

Moiré pattern similar to
(c) above, but with the
reference reflector tilted
slightly.

(b)

(c)
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3. FREQUENCY SHIFTER
Two approaches were investigated for the solid-state frequency shifter:

(1) Doppler frequency shift by.axial translation of a reference

reflector.

(2) Rotating 1/4 A plate in circularly polarized light, where
rotating 1/4 A\ effect is produced by a rotating .compression

stress wave in an electro-acoustic-optical device,

The Doppler approach was selected because it is simple and was demon-

strated to work well.
3.1 Doppler Frequency Shifter

The Doppler frequency shifter operates in the reference arm of the inter-
ferometer as shown previously in Figure 5. The frequency of the optical beam
is shifted by moving the reference mirror in a direction parallel to the opti-
cal axis. Motion towards the beamsplitter increases frequency, and motion

avay decreases frequency according to

M = 2 % cosf (L)

Where:
M = frequency shift (sec_l)
u = mirror velocity (mm secnl)
N = optical wavelength (mm)
8 = angle of incidence relative to the veloclty vector (deg)

Reasonably linear motion is required so that the electronic carrier fre-
quency will be constant. The motion must also be bidirectional. Therefore,
a triangular waveform was selected for the position-versus-time function. A
total excursion greatér than 1 wavelength is needed so that several cycles of
carrier frequency will be generated. This is necessary for the electronic
detector to operate properly. The present design is based upon 7 1/2 wave-

lengths per cycle of mirror motion.

The mirror surface should be maintained close to normal to the optical

axis for all positions. Approximately A/20 of tilt across the illuminated

17



portion of the reference mirror during the sweep will reduce the linear range

‘of the sensor from * A/4 to + A/4.5. This effect is explained in paragraph

3.2, In addition, the Doppler frequency shifter must use no mechanically
rotating parts or friction interfaces, and must be stable for long periods
of time. Also very little power should be dissipated in the device or be
required to drive it.

Characteristics of a breadboard frequency shifter are listed in Table I,
For this model, a piezoelectric electro-mechanical transducer was selected
because it is simple, requires no mechanical moving parts, and is mechanically
rugged, and the required excursions can be obtained with reasonable drive volt-
ages. Previous experience with actuators has shown that the most desirable
transducer configuration is one in which all forces result in only compression
or tension stresses, with no bending stress. Two transducer shapes were con-
sidered; a stack of thin wafers and a thin wall cylinder. The cylinder was
selected because the axial symmetry causes only compression stress and does
not cause bending stress in the mirror or in the supporting mount. A thin
wall is desirable because it gives greater axial expansion for a given applied
voltage than a thick wall. Electrodes are plated on the inner and outer walls
of the cylinder so that the electrical potential is applied across the wall
thickness. It was found that commercial grade piezoelectric material was not
sufficiently homogeneous. Therefore portions of the inner wall electrode were
isolated to allow use of compensating differential voltages. In this way, all
sides of the cylinder should expand by the same amount, to give pure axial
translation without mirror tilt. This compensation scheme helped but did not
work as well as was hoped. The piezoelectric cylinders made from PZT-5 mate-

rial were purchased from Clevite.

The piezoelectric material is quite stiff, having a Young's modulus com-
parable to that of glass. It was therefore necessary to find a mounting ar-
rangement that would hold the mirror tightly within the end of the cylinder
but would not allow cylinder exercising to squeeze the mirror. A simple
Teflon cushion between the piezoelectric element and the mirror was found to
wo;k quite satisfactorily. Teflon has a Young's Modulus approximately 10
times smaller than that of either the transducer or the mirror. The cushion

has a tight fit around the mirror circumference and is held within the end of

18



TABLE I

DOPPLER FREQUENCY SHIFTER CHARACTERISTICS

Frequency Shift

Axial Displacement of Mirror

Displacement Waveform
Cléear Aperture

Mirror Tilt

Figure Error

Internal Dissipation

19

+ 500 Hz

+ 2\ peak

Triangular at 33-1/2 Hz
15 mm dia.

< A/20 peak to peak

< A/100 peak

1/4 watt




the transducer by a spring and slot arrangement. (See Figure 11.) The trans-
ducer is held in a mounting block by a set of Teflon-tipped setscrews, Cal-
culations showed that the compressive forces conducted through the Teflon

would cause less than A/500 spherical aberration in the mirror.

The electronic circuit required to drive the transducer is relatively
simple. Choice of frequency is bounded at low frequencies by the need to
generate a carrier frequency greater than 120 Hz to avoid interference from
the first harmonic of the power line frequency, and at high frequencies by the
fact that the piezoelectric element presents a high capacity load. The se-
lected cylinders have a capacity of 0.018 yF., A drive frequency of 33-1/3 Hz
was selected with a sweep magnitude to produce 7-1/2 cycles per excursion or
15 cycles per drive period. This generates a signal carrier frequency of 500
Hz., A triangular motion waveform is preferred over a saw-tooth waveform be-
cause of hysteretic effects in the PZT-5 material. Figure 12 shows a block

diagram of the high voltage drive circuit used for the breadboard tests.
3.2 Electronic Phase Detector

Two electronic signals are produced by two photodiodes placed in the inter-
ferometer output fringe plane. Electronic circuits are needed to detect the

relative phase of these two carriers.

A new circuit was designed and used in the breadboard tests to give a
linear range of + 180 degrees, compared to * 90-degree linear range for pre-

vious circuits.

The circuit schematic is shown in Figure 13, The signal and reference
carriers from photodetectors are fed to a pair of limiters to reject amplitude
nolse. A bridged Zener diode in the feedback loop of the operational ampli-
fier produces hard limiting and sharp axis-crossing transitions., The refer-
ence carrier is inverted, i.e., shifted in phase by 180 degrees, relative to
the signal carrier. Both waveforms are further sharpened by a pair of dif-
ferentiating networks so that a short pulse is produced for each axis crossing.
The negative-golng pulses trigger a binary flip-flop. The output of the flip-
flop can be considered as a positive gate with duty cycle proportional to phase

difference between the signal and reference carriers, This variable width

20
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gate then controls two transistor switches that feed plus and minus reference

'voltages to a summing and integrating amplifier.

The measured relationship between phase difference and output dc voltage
is very linear over phase angles of t+ 180 degrees as shown in Figure 14,
Changes in output with 1l0-percent variation of power supply voltages were un-
detectable. Input carrier voltages greater than 100 mv rms cause no change
in the output. Similarly, this circuit is independent of input carrier fre-

quency in the range from 10 Hz to 2 kHz,

When this phase detector is applied to the figure sensor, it is necessary
to know how the calibration curve will be affected by the imperfections of the
actual signals to be handled. These imperfections will include noise, spurious
signals, changes in carrier level, changes in carrier frequency, and frequency
modulation of one carrier relative to the other due to mirror tilt in the

Doppler frequency shifter.

Amplitude changes and amplitude noise will not pass through the hard
limiters. Changes in frequency of both carriers between 10 Hz and 2 kHz have
been shown to have no effect. Relative frequency modulation and phase noise
will cause degradation. The predominant effect for small changes will be a
loss in linear range, with no effect on accuracy. I1f the Doppler shifter is
adjusted for * 2\ deviation, i.e., 8 cycles of carrier per deviation excursion,

the equation for the phase detector output is:

E
dc n -
vdc = -—1440 b e + 2 Y when -180 <{ }< +180
n=*(1,2,3,4)

{9 + Y - 360} when { } > +180
{9 + 7Y+ 360} when { } < -180

or

&~

or

B

24
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Where:

Edc = maximum dc voltage
8 = phase error due to figure error (deg)
b4 = random phase modulation due to carrier frequency modulation

or noise or mirror tilt (deg peak)

This equation is plotted in Figure 15 for one polarity of figure error

only.

When the phase detector circuit is used with the Doppler frequency

shifter, three features must be added to accommodate the following factors:

(1) For a fixed figure error, the carrier phase error changes
polarity each time the Doppler frequency shift changes
polarity. To compensate for this, the output dc polarity

is reversed in synchronism with the driver sweep.

(2) The piezoelectric material has significant hysteresis; i.e.,
the mechanical sweep lags behind the applied drive voltage.
This effect is accommodated by blanking off the phase detec-

tor for 3 milliseconds following each sweep reversal.

(3) TFor certain conditions, the signal and reference carriers
may contain a different number of axis-crossings, causing
ambiguous output voltage. This is corrected by an "and"

gate synchronized with the sweep reversals.

The phase detector circuit with these additions is shown in block form in
Figure 16, Typical waveforms throughout the electronics are shown in Figure 17.

Letters in Figure 16 identify locations at which these waveforms are found.

Overall performance of the figure sensor using a Doppler frequency shifter
is shown in Figure 18. This is a recording of the output DC voltage as a func=~
tion of differential optical path difference in one half of one beam of the
interferometer. The recording was obtained by placing a thin piece of mica
in one half of one beam. The mica was then rotated about an axis perpendicu-
lar to the beam. This produced a slowly changing OPD in that portion of the

beam. A reference detector monitored the undisturbed portion of the beam and

26
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the second detector monitored the disturbed portion. An overall response

bandwidth of 5 hz was used.
3.3 Rotating 1/4 Wave Plate
The second approach to building an optical frequency shifter is one in

which a combination of fixed and rotating 1/4 A\ plates are placed in the refer-
ence beam, The beam passes through these elements twice to produce 360 degrees
of delay for every 180 degrees of rotation of the rotating 1/4 M\ plate. Opera-
tion of this device can best be understood by considering a vector diagram of
the wave train as it passes through the elements for one particular orienta-
tion of the rotating 1/4 N plate. Let the input wave be represented by a vector
’ which can be resolved into orthogonal components \/ and passed through
a 1/4 >. plate oriented with its optical axis parallel to one of the components

/// . At the output of the 1/4 X\ plate, the component in parallel with the
optical axis is delayed 90 degrees relative to the perpendicular component.
This may be represented by °\/9° where the numerals refer to relative
phase retardation of the marked vector. These vectors can again be resolved
into o_'_}o plus tji.go and passed through a second 1/4 A plate oriented

\ 90 180

vertically : , producing 04J plus ' 90 . The wave train is
now reflected from a fixed reflector, reversing all vectors by 180 degrees and

(o] 90
producing 9°l plus | 80 The vectors are again passed
|

through the second 1/4 A plate, still oriented vertically : , to produce

o 90 (o]
plus | , which is equivalent to plus
180 270 (o}
90 o 9
1 . These can be summed to give / and O\ , which are
90

/7
then passed through the first 1/4 A\ plate, oriented at 45 degrees .
o 90 90
This produces /9 and \ which can be summed as 1 . Thus,

the input vector has been operated upon to produce an output vector with the

original polarization but delayed in phase by 90 degrees.
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As the orientation of the second 1/4 A\ plate is rotated, this delay
changes, going from zero to 360 degrees delay for each 180 degrees of rota-
tion. If the second 1/4 )\ plate is rotated at a constant rate of 1 cycle per
second, the coherent light passing into and back out of this arm of inter-
ferometer is shifted in frequency by 2 cycles per second. It can be shown
that the same device can produce the same overall effect when combined with

a polarization-sensitive element in the interferometer output arm.

One objective of the project was to evaluate the apﬁlication of a solid-
state rotating 1/4 X\ plate for the frequency shifter. This device is an elec~-
tronically driven element, optically equivalent to a mechanically rotated 1/4 i
plate. It consists of a fused silica disk that is mechanically stressed by
piezoelectric transducers. Several transducers are mounted around the edge
of the disk and excited by an ac voltage. By proper control of the excitation
amplitude and phase, it is possible to generate a rotating stress wave in the

glass. This causes a rotation of the birefringence axes in the glass.

One of the many mechanical modes of oscillation that can be excited in a
disk is illustrated in Figure 19(a). If a cyclic force is applied at Fl’
vibrations will occur with excursions as shown by the dotted lines. Because
of the nature of solid material, it is not possible to excite a vibratiom in
one axis only; all three dimensions determine the mode characteristics. The
desired mode has equal x and y dimensions, with a smaller z dimension. In-
cremental elements on the x and y axes are subject to radial motion only; and
incremental elements on t+ 45° axes are subject to tangential motiom only.
Therefore, a second independent, or orthogonal, mode can be induced by a cyclic
force at 45° as shown by F, in Figure 19(b). By proper adjustment of the

2
relative phase of F. and F i.e., by adjustment of ¢ = %, it is possible to

1 2’
generate a compression stress that effectively rotates about the z axis at

the frequency w. (See Figure 19(c).)
In mathematical terms, the birefringence is equal to (Ref. 7)

R, = Ct (p-q) ()
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Where:
C = stress-optic coefficient
t = thickness of plate

p and q principal stresses

Rt = ratio of index of refraction for fast and slow axes

By'definition, the principal stresses are in planes free from shear, at
right angles to each other, and are respectively the greatest and smallest of
all normal stresses in the element (Ref. 7). The 8low and fast optical bire-
fringence axes are parallel to the principal stress axes, p and q. Since the
birefringence effect is sensitive to stress magnitude and not polarity, the

birefringence axes rotate at the frequency 2w.

An experimental model of a solid-state rotating 1/4 )\ plate was made by
Perkin-Elmer prior to the start of this project (Ref. 1), This model had two
shortcomings: the useful aperture was severely limited, and alignment and
operation of the unit were very difficult. A second model was made to solve
these problems (see Figure 20). Flat sides were used in the second model to
give a more uniform stress distribution over the clear aperture and to isolate
the two modes for ease of alignment. Also, the force transducers were mounted
on the glass disk edge instead of on the face to increase the aperture. These
approaches were successful for one mode, but there was still a severe diffi-

culty with the second mode.

- Both original and second models used three-phase excitation, and it is
now believed that this accounts for the critical alignment problem, Work on
this approach was stopped after the Doppler frequency shifter was found to work

successfully,
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4. ASPHERIC MEASUREMENT

4.1 Problem and Approaches

The present concept for the application of a figure sensor in an active

optics telescope system requires the sensor to measure the primary mirror from

its center of curvature rather than from the prime focus. Since the primary

mirror figure will undoubtedly be other than spherical, the figure sensor must

therefore measure aspheric surfaces from the vicinity of the paraxial center

of curvature. The specific project objective was to measure an 8-inch, f/1

parabola.

Measurement of a parabola presents two problems:

(1)

(2)

When the parabola is illuminated by a diverging bundle of rays, all
emanating from the paraxial center of curvature, most of the return
rays cross the optical axis somewhere other than at the paraxial
center. (See Figure 21.) This may be stated in different terms:
Different zones of the parabola are concentric about different
points on the optical axis; that is, normals to the parabola surface
cross the optical axis at different points. The spread between the
axis crossings of the paraxial normals and the edge ray normals may
be called longitudinal spherical aberration. For the 8-inch £f/1
parabola, the longitudinal spherical aberration is 12-1/2 mm. (See

Figure 22.)

The optical path length from the nominal center of curvature and
back 1s not the same for all zones. The approximate difference
between a parabola and a sphere is shown in Figure 23 by a plot of
the axial or z-axis displacement of a parabola from a sphere as a

function of radial dimension, y, in the pupil plane.

Three approaches were investigated to find a solution to these problems.

These utilized:

(1)

An aspheric reference reflector to generate wavefront distortions
that match those due to the difference between a parabola and a sphere

as shown by Figure 23.
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(2) A null corrector in place of Lens-1 (see Figure 2 for identification)
to generate spherical aberrations matching those found when viewing

a parabola from its center of curvature, as described by Figure 22.

(3) Moir€ interference pattern analysis of the interference pattern
resulting from the optical path difference due to the difference

between the test parabola and a spherical reference reflector.

The aspheric reference approach is feasible and simple in principle, but

the reference element itself was found to be exceedingly difficult to fabricate.

Two null correctors were designed, one with three elements and one with
four. The best that could be done using spherical elements only was to reduce

the overall optical path difference to approximately 8 waves.

The moiré interference pattern analysis was demonstrated to work with
plane and spherical mirrors. Calculations indicate that is should also work
well with the 8-inch parabala, and that the technique is equally applicable to
much larger mirrors. Therefore the moiré analysis approach was selected for

the 8-inch parabola measurement.

Moiré analysis of an 8-inch, £/l parabola represents the same degree
of difficulty, with regard to the number of fringes that must be handled, as
a 120-inch, f/2 parabola. Therefore, this is believed to be a valid test in
terms of the eventual application. It should also be pointed out that the
moire analysis method also provides a simple mechanism by which figure errors

in the figure sensor optics may be corrected.

The conclusion which may be drawn from this work is that the moire analysis
may be used in combination with the electronic phase measuring technique to

measure the figure of a fast parabola.
4.2 Aspheric Reference Reflector

Figure 24 shows the physical arrangement of the interferometer with an
aspherical reference element. In this figure Lens-1 images the parabola at a
plane '"p" located a little over 20 mm to the left of Lens-1 and a distance

""" from the beamsplitter. The reference reflector is also located the same
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distance "1" from the beamsplitter. The returning wavefront at plane "p" will

contain distortions caused by the parabola. The aspheric reflector must pro-

duce a duplicate distorted wavefront. The required reference reflector surface

contour will now be calculated.

Because Lens-1 illuminates the parabola with a spherical wavefront, we
are concerned only with the difference between the parabola and a sphere.
Furthermore, the choice of radius for the sphere is an independent variable.

For the geometry of Figure 25 we may write the equation of a parabola as
2
1 ¢y
“p T 2 (R)R’
and the equations for a circle as

2 4 6
_ 1y lx) 1_.z>
zc_z(R)R+8<RR+16(RR+ ..... ,

and for the difference between two circles of different radii as

br, = - LY @)k~

where:
z = displacement in the z dimension away from the y axis (z axis
coincides with the parabola optical axis)
y = radial dimension in the pupil plane (Zymax=parabola diameter)
R = parabola paraxial radius of curvature

The equation for the difference between a parabola and a sphere then becames

2 4 . 6
- .l /4R 1) l(x) 1_(1>
Az = +C 2 R> (R R + s \R R + 16 \® R (3)
where:
C = a constant displacement in the z direction

This is the equation used to prepare Figure 23 with R = 400 mm.
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We may disregard C because we are only interested in changes in optical

path as a function of ray position in the y plane. Also if we let

-]

= 400 mm

= 0.02

ol

then:
[az] = & (1R>2 - 50 (—‘ZR)4 - 25 (%)6 (mm)

This equation may be divided into its spherical and aspherical parts:

2 4 1 6 4 1 6
ezl = [4() +® 2@]-[20 =@ ] @
- —_— J \ —~— _J
Spherical Part Aspherical Part

If the reference reflector is the same size as the interferometer beam,
the diameter will be 10 mm. The spherical part can be generated on a mirror
of this diameter by a spherical convex figure with a radius of curvature of

8 mm. This part is easy to make.

The difficult part to fabricate is the aspheric remainder in equation (4).

This is predominantly a fourth power term where
y\4
|az| x 50 (R> mm (5)

for an £/1 parabola ,%,max = 1/4 and (Az)max = 0.2 mm.

Five different approaches were investigated for fabricating the curve

defined by equation (5); none were successful.

Perhaps the most interesting approach was the attempt to generate this
figure on a relatively thin tapered disk and with the edge one half as thick
as the center. The disk was bent away from the polishing tool at the center
by air pressure while it was being processed. Simple bending of an edge-sup-
ported disk with a uniformly distributed load produces a predominately second

power curve, i.e., one that is close to a parabola. However, the stiffness of
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a thin disk is proportional to the third power of its thickness; hence, the
tapered thickness was intended to cause significantly more bending at the edge
than at the middle. Figure 26 is a fringe pattern of the test piece before
processing, showing the surface to be flat. Figure 27 is a fringe pattern of
the same piece after the special processing. This shows the piece to be curved
and slightly astigmatic. The shape of the curve, as indicated by this data,

is shown in Figure 28 together with a calculated curve for a constant thickness
disk. It can be seen that the effect of tapered thickness was disappointingly

small.
4.3 Null Corrector

A null corrector is conventionally a set of optical elements inserted
between an aspheric reflector and a test device to make the reflector appear
to be spherical. A null corrector was used successfully in the final figuring
of the Stratoscope II primary mirror (Ref. 8). Figure 22 has shown that a
parabola viewed from its nominal center of curvature has a large amount of
spherical aberration. The function of a null corrector is to generate the
matching spherical aberration from ei. .er a diverging or a collimated input

bundle. (See Figure 29.)

Two null corrector designs were made: one with three elements and one
with four elements. Only spherical surfaces were considered. Figure 30 shows
the calculated overall optical path difference when the null correctors were
mated with the 8-inch f/1 parabola. If an 8-inch parabola were the largest
reflector to be tested, these designs could be corrected by use of aspheric
surfaces. However, the magnitude of longitudinal spherical aberration increases
linearly with the primary mirror size. This means that the 12 mm of aberration
could become as large as 180 mm for a very large mirror; with the result that
the null corrector elements would become quite large and involve a lot of

glass in transmission.

Although the null corrector approach is certainly feasible, it was put
aside in favor of the moire pattern analysis, which requires fewer optical
elements in the interference beams. This was not a compelling decision and

the use of a null corrector should continue to be considered in the future.
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Figure 26. Fringe Pattern of Experimental Reference Reflector
Blank Before Processing

Figure 27. Fringe Pattern of Experimental Reference Reflector
After Processing
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4.4 Moiré Pattern Analysis

Moiré patterns are well known, and many techniques employing them have
been long established (Refs. 3, 9). Moiré patterns are usually produced by
the superposition of two grids or line patterns. If one line pattern is an
interferogram representative of an optical surface and the other an ideal
master pattern, the resultant moiré pattern is also representative of the
deviation of the optical surface from the ideal design. In many cases, complex

interferogram patterns can be more easily interpreted by moiré pattern analysis.

The work performed for this project resulted in the successful combina-
tion of moiré pattern analysis with the automatic phase measuring techniquet
The advantages of this approach include: use of simpler optics in the inter-
ference beam paths, testing of aspheric elements, and cancelling out of figure

errors in the interferometer components.

Figure 7 in Section 2 has shown the arrangement of optical components
for this approach. For simplicity, this illustration was prepared with a line
grid instead of a circular reference pattern. The interferometer fringe pattern
was obtained with two plane mirrors, one of which was slightly tilted to pro-
duce the desired fringe frequency. The moire pattern is the two-dimensional

product of the fringe pattern with a 100-line-per-inch Ronchi ruling.

Figure 31 shows a similar set of interference and moire patterns. How-
ever, in this case, one mirror has been translated axially in steps by means
of the piezoelectric transducer. It can be seen that the fringes seem to
"walk" up the page as voltage is applied to the transducer. Actually the
pattern is changing phase as a function of transducer voltage, and hence as
a function of reference reflector axial position. Thus, moire patterns can
be used with the phase measuring technique. Overall figure sensor calibrations

similar to Figure 18 were also obtained using moiré pattern analysis.

A valid demonstration of the moiré fringe analysis technique applied
to the measurement of an aspheric element should be done with a reference
master fringe pattern which has been made from the theoretical design
figure of the parabola, and with the moire pattern obtained by a superposition

of the actual fringe pattern upon the synthetic reference master.
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The computation of the reference master for the 8-inch £/l parabola is
based upon the geometry shown in Figure 32. In this figure the two inter-
ference beams superimposed, only the edge ray is shown, and the folding due
to the beamsplitter is omitted. The point '"C" is the focal point of Lens-1
and represents the point source of the interferometér illumination bundle.
The interference pattern will be caused by the optical path difference, OFD,
which is defined by:

(CDE - CAC)X- (CHJ - CBC) c (6)

OPD

This OPD will vary as a function of 8, the ray elevation angle above the

optical axis.

The calculation is complicated by the additional spherical aberration
due to the beamsplitter cube. A comparison was mace between this component
of spherical aberration for the two beams; one to the spherical reflector
and one to the parabola, each passing through the beamsplitter cube. The
difference between the two was found to be approximately 0.25A\ for the edge
ray. A slight amount of defocusing could, in principle, reduce to less than
A/20 the maximum difference between the two beams due to the aberration.
Therefore, it was decided to perform the first calculation neglecting the
beamsplitter glass. A final calculation (for the design of a "working model"
figure sensor) will include a complete ray trace from point "C" to the output

fringe plane.

A program was worked out for the Hewlett-Packard Model 9100A Calculator

based upon the geometry of Figure 33 and the following equations:

1/2
{: |-.1 +2 (1 + 6) tan ] - 1:} R
tan ©
_lﬂl
2

sag = R

(1 + 8)R - sag
1 cos O
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marginal path 2 4

1

paraxial path 2(1 + 8)R

(marginal path) - (paraxial path)

oen -
where:
AR .
§ = R - fractional displacement of parabola paraxial focus from
point "C", the focus of Lens-1
6 = ray elevation angle
y = distance above the optical axis of the ray intercept with
the parabola
R = paraxial radius of curvature of parabola
OPD = optical path difference in units of wavelength

Notice that the insert in the left-hand corner of Figure 6 clarifies the
difference between the axial displacement of the parabola from a sphere, Az,
and the optical path length difference, A path, between the two for divergent
illumination. When § = 0, the parabola paraxial focus coincides with the

focus point of Lens-1.

Values of OPD were calculated as a function of 8 for several values of §
and for R = 400 mm. These are plotted in Figure 34 where values of 8 have

been normalized to:

Ray Position =

The calculator program was then reorganized to solve for ray positions
for integral number values of OPD. These positions then represented the
normalized positions for constructive interference in the fringe pattern.

For ray positions between 0.20 and 0.93, the positions of 200 fringes were
computed. These data then formed the basis of a procurement specification
for a reference master for testing the £/l parabola. A copy of this specifi-

cation is contained in Appendix A.
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A reference pattern was purchased from the Qualitron Corp. of Danbury,
Connecticut. Figure 8(a) in the summary is an enlargement from this master.
Figure 8(b) is an actual fringe pattern made with an £/1, 8-inch parabola and
an f/1 spherical reference reflector in the two interferometer arms. Figures
8(c) and 8(d) show the moir€ pattern obtained by multiplying the actual fringe
pattern with the calculated pattern. Figure 8(c) was made with optimum align-
ment of the patterns. It shows approximately four fringes of spherical aberra-
tion and one and one half fringe of astigmatism. This is attributed to distor-
tions in the field lens which were not considered in the calculatiomns. Figure
8(d) was made with the reference mirror tilted slightly. A perfect optical
system would have produced straight lines. The spherical errors are easier

to identify in this figure,
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5. SECONDARY ALIGNMENT

A short study was conducted to determine the feasibility of using the
primary mirror figure sensor to measure the secondary alignment also. The
study results show that conceptually this can be done with sufficient sensi-
tivity; but further investigation is required to determine if the additional

optical components can be made with the required precision.

The fundamental primary-to-secondary alignment requirement can be easily

visualized if we draw a simple picture of a Gregorian telescope. (See Figure 35.)

For a remote on-axis source, the paraboloid primary will form a spherical wave-
front converging on its prime focus point. The ellipsoid secondary will, by
definition, relay a point source at one focus to its second focal point. Hence
the fundamental aligrment requirement is that the primary focus coincide with
one secondary focus (Ref. 11). It was shown during the Stratoscope II develop-
ment that other factors are of less consequence than this requirement. This

criterion applies equally well to a Cassegrain telescope.

Figure 36 shows the optical arrangement for performing both primary and
secondary alignment measurements. An extra element, Lens-2, has been added
to make the central portion of the interferometer beam converge at the primary
prime focus. Also a spherical surface has been added to the back of the
secondary mirror. This surface is made concentric about the prime focus. The
figure sensor then measures axial and lateral displacements of the spherical

surface center of curvature relative to the prime focus point.

The equations used to establish secondary alignment tolerances are as

following (Ref. 12):

8 <%) (f/no)2 x k

1

5

a

(o]
1]

) 64 (—Z‘;) (£/n0)°3
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Ga = axial misalignment tolerance

61 = Jlateral misalignment tolerance

A/n = peak wavefront error permitted
K = constant

A value of n = 10 was used. This results in a Strehl ratio of 97 percent.
The factor K accounts for the fact that a major portion of the axial focus
error will be compensated for by a focal adjustment at the instrument focal
plane. 4 value of K = 100 was used. The following numerical values were

used fcr the compu:ation of secondary alignment tolerances:

Primary Mirror £/1.5; £.1. = 150 inches
Secoadary Mirror 20% obscuration
Interferometer Beam 3 inch diameter

Later:1 Alignment Tolerance +0.0004 inch

Axial Alignment Tolerance +0.005 inch

Calculations indicate that a lateral misalignment of 0.0004 inch causes
approximately A/3 of relative tilt across the test beam of the interferometer.
This is easily detected. Axial misalignment of 0.005 inch causes a wavefront
change in the interferometer of A/50. This is just about at the limit of

sensitivity as determined by available signal-to-noise ratio.

The combination of Lens-2 and Lens-1 actually forms a measuring arm which
locates a spot at the prime focus relative to the center of curvature of the
primary. Small changes in either lens characteristic or location will produce
large changes in the position of this spot. For example: The spacing between
Lens-1 ana Lens-2 must be maintained to +2 microinches over a distance of
approximately 6 inches, and the angular alignment of the lens pair must be
correct to within approximately * 1/2 arc-second. Previous experience indicates
that these dimensional tolerances can be met during manufacture for a specific
set of environmental conditions. Whether or not they can be maintained in a
spaceborne telescope depends upon how much of an environmental variation must

be tolerated, especially with regawd to the spacing tolerance.
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6. INTERFEROMETER

In the course of performing the work described in the previous sections,
it was necessary to consider the optimum configuration for the interferometer.
Earlier work had been done with a Twyman-Green interferometer having a simple
plate beamsplitter. It soon became apparent that a cube beamsplitter would
be best to minimize distortion due to the spherical wavefront passing through
the beamsplitter. Also, because of its symmetry, the cube to a large extent
compensates effects of spherical aberration in the two beam paths, Two different
cube beamsplitters were evaluated: one using an Inconel semi-reflecting surface,

and a second using a recently developed polarization sensitive semi-reflector.

The Twyman-Green interferometer with Lens-1 in one beam path results in
more optical surfaces rithin the optical interference paths than might be de-
sired for best accuracy. Therefore, the recommended design is a modification
that places Lens-1 between the laser and beamsplitter so that only the beam-
splitter, reference reflector, and element under test contribute to the inter-

ference effects. This arrangement is described in this section.
6.1 Polarization Interferometer

The use of a polarizing beamsplitter was investigated for use in the inter-
ferometer. It was found to work well, but is not recommended for this applica-
tion because of the complexity of the additional optical elements required.

Nevertheless the following will describe its use.

The key element of the polarization interferometer is a device called a
polarizing beamsplitter, recently invented at Perkin-Elmer. In the polarizing
beamsplitter, the metallic Inconel film of conventional beamsplitters is re-
placed with a multilayer dielectric stack, that is arranged for the light of one
polarization to be tramsmitted, while light of the opposite polarization is re-
flected, Because the layers are made of dielectric material, the losses are

negligible.

Figure 37 shows an interferometer that utilizes a polarizing beamsplitter.
The polarization sensitive layer is arranged to transmit light polarized with
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Figure 37. Twyman~Green Interferometer Using A Polarizing Beamaplitter
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the E vector parallel to the plane of the paper, Ep, and to reflect light
polarized normal to the paper, Es' The laser is oriented with its polarization
plane at 45 degrees so that equal components are transmitted and reflected

on the first pass through the beamsplitter. Each arm contains a 1/4 X\ plate,
which converts the beams into circularly polarized light. Each beam is then
reflected by a mirror and passed back through the 1/4 X plate. The net result
is a 90-degree change in the polarization of the light in each arm. This

means that all light incident upon the input arm of the beamsplitter emerges

from the output arm only.

In the output arm, the two beams are polarized at right angles to each
other and no inteference takes place. However, interference fringes can be
generated by placing a 1/4 A plate and a polarization analyzer in the output
arm. The reason for this may be visualized by referring to Figure 38. The
1/4 X plate in the output is oriented so that it changes each output beam
into circularly polarized light, one left-hand and one right-hand. The figure
illustrates that the vector addition of two counterrotating vectors of equal
amplitude produces a resultant vector, ER’ which changes in amplitude but is
fixed in polarization. The orientation of ER is determined by the relative
phase of the two rotating vectors. Referring again to Figure 37, note that a
change in the length of either interferometer arm changes the phase between the
two output vectors, resulting in angular rotation of the plane or polarization
of the resultant vector ER by an angle equal to half the phase angle change.
Transmitting the resultant vector through a polarization analyzer will produce

an intensity related to the relative orientation of E_ and the analyzer. The

R
resulting interference pattern is equivalent to the intensity pattern obtained

with an interferometer using a conventional beamsplitter.

The polarizing interferometer is no more efficient than the ideal inter-
ferometer with a lossless beamsplitter, since half of the light is absorbed in
the polarization analyzer. However, by using a second polarizing beamsplitter
in place of the analyzer, it is possible to have two sets of detectors with
the result that over 95 percent of the laser output may be used as compared to
only 50 percent for the conventional interferometer with a dielectric beam-

splitter.
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Figure 38.

Vector Representation of the Summation of Right-
hand and Left-hand Circularly Polarized Light
for Two Different Relative Phases Between The
Two Inputs
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6.2 Optical Arrangement

The Twyman-Green interferometer requires that Lens-l1 be in one of the
beams. This results in six extra surfaces, each traversed twice, within the
interference path. It would be desirable to eliminate these. Lens-1 also
contributes additional spherical aberration which must be included in the
moire reference master. It was therefore decided to move Lens-1 to the inter-

ferometer input arm.

Figure 39 shows the recommended optical arrangement for the interferom-
eter. Drawings for the key optical components in this assembly are contained
in Appendix B. Figure 40 shows the recommended overall block diagram for

a 'working model" of the Advanced Figure Sensor.
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CODE IDENT.

46555

ELECTRO-OPTICAL DIVISION, NORWALK, CONN.

PERKIN-ELMER

DATE: 13 /r0/[ {

SPECKICATION

REFERENGE MASTER

1.0 Pattern Description
200 Concentric circles or rings, alternately opague and transparent, where
the dark ring radii are defined by an equation of the form
ar2+ br*+ ¢ =n
Where: n = ring number
r = ring radius
a, b and ¢ are constants
See figure 1 for approximate pattern
2.0 Pattern Data
2.1 Circle Radii: See Table ! for relative values of circle radii
and thickness normalized to an outer circle radius
of exactly 1.0
2.2 Pattern Size: Absolute radius of ouwrcircle (ring number 200)
3.0 Accuracy
4.1 Resoliution: response 95% at 50 lines/mm
response 75% at 80 lines/mm
3.2 Circle Radii + 0.00005 inch
3.3 Circle Concentricity: + 0.00005 inch
3.4 Circle Thickness: + 5%
3.5 Pattern Scale: Quter circle radius = 1_0.002 inches
“.d Substrate
4.1 Material: glass or equivalent
4,2 Size: 2 % 2 inch?
4.3 Thickness: 0.060 inch
4.4 Flatness: + 0,001 inch
CRANE /(’ OM PE SPEC REV | SHEET
PREPARED BY | APPROVED _APPROVED APPROVED [677 —/085|
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OUTER CIRCLE

NO. 200
(OUTER CIRCLE)

NO. 180
NO, 119
NO. 118

Approximately every fifth ring shown

Figure A-1. Reference Master
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